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ABSTRACT 
 
Acroneuria frisoni Stark & Brown, 1991(Plecoptera: Perlidae), is a highly threatened stonefly 
species which in Illinois alone has experienced a 98% loss of its historical range. Some previously 
degraded drainages within the state have improved in quality and could at present support this 
species. However, due to habitat fragmentation and the low vagility of A. frisoni, its return to these 
streams is unlikely without human intervention. This study consists of several interrelated phases: 1) 
Determination of the natural range of this species; 2) A range-wide phylogeographic analysis to 
characterize genetic structure; 3) Selection of candidate sources from among regional populations 
and 4) The reintroduction of A. frisoni to the Middle Fork of the Vermilion River, Vermilion County 
Illinois; and 5) Evaluation of reintroduction success. The mitochondrial gene Cytochrome Oxidase I 
(COI) was used to determine the Pleistocene glacial refugia, northward recolonization routes and the 
role of contemporary and ancient drainages in shaping A. frisoni genetic structure. Data suggest that 
there are at least three refugia throughout the range including the Interior Highlands of Arkansas and 
Missouri, central Tennessee and the western flank of the Appalachian Mountains. There appears to 
have been relatively little contribution of the Interior Highlands refugium to recolonizing populations 
to the north, instead, glacially influenced areas were repopulated from central Tennessee. Modern 
hydrological associations proved to have a large role in shaping population structure. Two streams 
within the Wabash River drainage were chosen as source populations from which obtain eggs for 
reintroduction. Over 7,000 eggs were introduced to the Middle Fork of the Vermilion. Attempts to 
recover individuals from sites of reintroduction were unsuccessful. Future re-introduction efforts 
should focus on using smaller tributaries to act as nurseries for repopulating the adjacent Middle 
Fork.  
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CHAPTER 1 
 
INTRODUCTION 
1.1 ACRONEURIA FRISONI, LIFE HISTORY AND NATURAL RANGE 
The rate of plant and animal extinction in the United States parallels that of human 
population growth. Species most drastically affected are typically arthropods, namely due to: 
urbanization, water impoundment, stream pollution, wetland drainage, agricultural conversion 
and pesticide use (Pyle et al. 1981). The rate of extinction of aquatic species in North America is 
four to five times higher than that for terrestrial species and is likely to continue unabated in the 
future (Ricciardi and Rasmussen 1999). As relatively cryptic organisms, the loss of aquatic 
insects goes frequently unnoticed, despite their being the most diverse invertebrates in freshwater 
systems (Merritt et al. 2008), and is often recognized too late to protect them. To protect natural 
diversity, concentrated efforts are necessary including not only habitat conservation but also 
active reclamation of habitat and reintroduction of extirpated species. 
Plecoptera, or stoneflies, are among the most environmentally sensitive aquatic insects, 
with some species being lost from streams experiencing even minor degradation due to 
landscape changes or pollution (DeWalt et al. 2005, Master et al. 2000, Stewart and Stark 2002). 
This order is currently represented by 688 described species in North America (DeWalt et al. 
2010). Acroneuria frisoni Stark & Brown, 1991, a member of the family Perlidae, is typically 
found in a wide range of small to medium (<30 m wide) streams throughout eastern North 
America (Stark 2004). This large stonefly undergoes univoltine-slow development with 11 
months as a predacious, aquatic nymph, emerging in early June to enter the canopy and 
reproduce (Ernst and Stewart 1985, Stewart and Stark 2002). Adults demonstrate low vagility 
resulting in poor dispersal. 
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Stoneflies, along with other aquatic insects, are important members within the riverine 
food web as primary and secondary consumers providing nutrition to fish and bird species. Due 
to their sensitivity, aquatic insects are used as bioindicators of water quality, important in 
determining the health of drainage systems (Barbour et al. 1999). This role is becoming 
increasingly important as anthropogenic influence upon freshwater systems continues to alter 
natural landscapes and ecosystems. 
 The range of A. frisoni spreads across southern Ontario, Canada and as far west as 
northeastern Oklahoma, rarely being found south of northern Alabama (Fig. 1). This region 
contains both historically glaciated and unglaciated landscapes. The most recent glacial influence 
upon this region occurred during the Pleistocene Epoch, up to 10,000 years ago. The 
Wisconsinan glaciation included as many as 10 expansion-retreat events reaching as far south as 
central Illinois (Ross and Ricker 1971, Avise 1992). Acroneuria frisoni, as well as most other 
species, was forced south of glacial influence to refugia with warmer climates. This glacial 
history has dramatically influenced the population structure of many organisms in eastern North 
America. By understanding this history, we may better decipher how to design and implement a 
plan to protect and reintroduce A. frisoni to areas from which is has been extirpated. 
1.2 TAXONOMIC AND SUBSEQUENT DISTRIBUTIONAL CONFUSION 
Acroneuria frisoni, otherwise known as the Illinois stone, has had a complicated 
taxonomic history throughout much of the 20
th
 century. It has been confused with the larger 
species, A. evoluta Klapalek, 1909 (Frison 1937), as well as with A. arida Hagen, 1861 (Frison 
1935). The type specimen of A. evoluta only recently became available for review and the 
validity of A. arida was made clear by a revision by Stark and Baumann (1976).  In 1991, Stark 
and Brown reviewed the type of A. evoluta, finding it to be a larger species with affinities for 
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large rivers and described a new, widespread, smaller species preferring smaller streams and 
naming it after former chief of the Illinois Natural History Survey (INHS), Theodore H. Frison. 
All identification keys to Acroneuria published prior to 1992 continue this confusion by using 
outdated names and character states (Stark and Gaufin 1976, Poulton and Stewart 1991). For this 
reason, the determinations of most museum specimens and literature references to A. evoluta and 
A. arida must be suspect. Only examination of specimens using the newest identification key 
(Stark 2004), will allow confident identification of this species in its adult stage. Confident 
identifications can only be accomplished via extrusion of the male aedeagus or by examination 
of the sub-genital plate and egg structure of females (Stark and Brown 1991). There is currently 
no key for immatures that uses the name A. frisoni. Additionally, no DNA barcodes have been 
published for any Acroneuria species so one could not use molecular methods to reliably 
determine the identity of a nymph. Identification of nymphs requires recognition of several 
physical characters known only by an expert, most notably: a wide, M-shaped banding pattern 
across the head, the presence of pigmentation across the anterior half of each abdominal 
segment, and the presence of anal gills. 
Until the present, the distribution and habitat requirements of A. frisoni across its range 
have not been fully understood. Though loss is apparent throughout its range, to what degree and 
following what patterns cannot be understood without a basic comprehension of this species’ 
natural range. 
1.3 LOSS EXPERIENCED THROUGHOUT THE NATURAL RANGE OF A. frisoni 
The range of A. frisoni is shrinking. Central Illinois is a perfect demonstration of recent 
trends of loss. Where A. frisoni was once abundant across this state, it is now relegated to less 
than 2% of its historical range (Fig. 2, DeWalt et al. 2008). Of the 212 Illinois A. frisoni 
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specimens housed within the INHS insect collection at the beginning of this study, only 19 
individuals were collected post-1950. This drastic decrease may be the result of indiscriminate 
DDT use in the 1950s to control disease vectors and agricultural pests (Favret and DeWalt 2002). 
This agent has been known to affect other freshwater-dependent species (Carstens et al. 2005). 
The Middle Fork of the Vermilion River (Middle Fork), Vermilion County, Illinois is a local 
drainage that historically supported a diverse aquatic community, containing up to 10 
environmentally sensitive Perlidae species including A. frisoni, all of which disappeared during 
the 1950s (DeWalt et al. 2005, Favret and DeWalt 2002).  Recent sampling efforts confirm this 
pattern of loss is widespread throughout the range of this species and will likely continue 
regardless of the improvement of habitat and water quality throughout drainage systems as a 
consequence of habitat degradation, fragmentation and the relatively low vagility of this species. 
With this widespread pattern of loss, A. frisoni is an appropriate candidate for designing and 
implementing an informed reintroduction to areas within its historical range.   
1.4 RESTORATION OF ILLINOIS DRAINAGE SYSTEMS 
The Middle Fork has since been named a National Scenic River, boasting a much better 
than average regional water quality (Sangunett 2005). Its quality appears comparable to that of 
streams currently supporting populations of A. frisoni in Indiana and Missouri. Unfortunately, 
habitat and water quality between this drainage and extant populations is poor, with distances of 
at least 150 km separating current populations from historic Illinois locations, minimizing any 
possibility of natural recolonization by this and most other species lost from Illinois (DeWalt et 
al. 2008). While physical and chemical improvements in some drainages within the state have 
occurred (Larimore and Bayley 1996), complete restoration of biological heritage has not taken 
place in the Middle Fork or any other river system in Illinois. To completely restore these rivers, 
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extirpated species should be returned to their historic habitat, a feat requiring human 
intervention, a purposeful reintroduction. Eggs are easily collected in large numbers and can be 
transferred from one drainage to another with relative ease, making A. frisoni an ideal model for 
testing reintroduction practices for aquatic insects. 
1.5   PREPARATION FOR A REINTRODUCTION TO EAST-CENTRAL ILLINOIS 
Given the distribution of this species, its life history traits and glacially influenced past, 
we can characterize post-glacial recolonization patterns using population structure. By 
understanding population structure we can then design an informed reintroduction by choosing a 
source population with a genetic structure presumably resembling that of extirpated populations, 
promoting the reclamation of original biodiversity. To achieve this ultimate goal, first the 
characterization of the range of A. frisoni is necessary. This requires sampling effort across its 
current range as well as an investigation of regional museum specimens. Next, phylogeography 
of this species throughout its range is used to build a portrait of regional population structure. 
This allows selection from extant populations of one possessing a genetic profile similar to that 
of extirpated populations as a source. Finally, eggs from an appropriate source population are 
used as propagules to reintroduce this species. 
1:5.1 BEGINNING A PHYLOGEOGRAPHIC INVESTIGATION 
Recent sampling has provided fresh material for analysis of genetic structure. 
Mitochondrial DNA is typically non-recombining, uniparentally inherited, and evolving at a rate 
fast enough to reveal population level differences across a species’ range (Brown et al. 1979). 
Maternally inherited markers are ideal for elucidating genetic structure, specifically the 
identification of bottleneck events (Vogler and DeSalle 1993) and allow detection of historical 
events shaping population structure unlikely to be detected by other commonly used tools 
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(Kauwe et al. 2004). Using the mitochondrial gene Cytochrome Oxidase I (COI), we can infer 
post-glacial origins and relative genetic structure of a species across its range.  Nucleotide-level 
variation in this gene may then be used to answer such questions as: How many and which 
Pleistocene refugia harbored this species? What dispersal pathways were taken as migration 
routes? What were the rates of post-glacial reinvasion? 
Multiple origins of Illinois populations of A. frisoni are possible and may include the 
eastern and western slopes of the Appalachian Mountains and the Interior Highlands (Zamudio 
and Savage 2003, Church et al. 2003). Hence, sampling efforts were focused from Maryland to 
southern Ontario, south to Tennessee and west through the Interior Highlands of Arkansas and 
Missouri. 
Acroneuria frisoni is a stream inhabiting species and as such its distribution is expected 
to be influenced by drainage continuity. Historical drainage configuration within eastern North 
America was distinctly different in many areas from its modern organization (Mayden 1988) and 
may have influenced the genetic structure of unglaciated portions of the range of A. frisoni. By 
analyzing genetic structure in relation to ancient and contemporary drainage associations, a more 
complete understanding of whether population structure is a relict of ancient drainages or if it has 
been shaped by relatively recent hydrologic connections may be achieved. 
1:5.2 PHYLOGENETIC ANALYSES 
 Sequence data facilitate phylogenetic analyses that inform the population structure of A. 
frisoni. By generating a phylogenetic tree, contemporary population structure can be analyzed in 
a geographic context, examining relationships between populations relative to their drainage 
basins. This will help to determine if modern vs. ancient drainage patterns molded current 
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population structure as well as suggest possible refugia based on the relative placement of 
populations in the tree.   
1:5.3 POPULATION GENETIC ANALYSES 
Investigation of patterns of variation at the drainage basin level can reveal the influence 
of drainage continuity and isolation at the population level. Analyzing pairwise differences at the 
population level reveals patterns of relatedness and structure within the range-wide population. 
This genetic structure is used to refine hypotheses regarding potential refugia. Hypotheses can 
then be tested using likelihood-based coalescent simulations to further elucidate post-glacial 
migration patterns of recolonizing populations. 
Recognizing several possible Pleistocene glacial refugia through phylogenetic and 
population genetic analyses allows further examination of the relative contributions of each to 
northward recolonization after glacial retreat.  For each, effective population sizes and past 
migration rates between refugal populations can be estimated, informing how population 
structure changed throughout history. In doing so, the range-wide, historical genetic structure of 
A. frisoni can be inferred. By identifying populations ancestral to those historically located 
within Illinois, we can then select an extant population sharing the same evolutionary history and 
is preadapted to conditions in eastern Illinois.   
1:6 PERFORMING A REINTRODUCTION TO EASTERN- CENTRAL ILLINOIS 
Egg-bearing females from selected candidate populations can be easily collected upon 
their emergence in June via ultraviolet light trapping. These eggs may be harvested and 
strategically reintroduced to the Middle Fork. By vouchering egg donors in 95% ethanol, DNA 
extracted from mothers later may be sequenced and compared to those of established offspring 
sampled the following spring. This will allow for the tracking of changes in genetic diversity 
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through time. Through this process, we hope to standardize procedures for reintroducing 
extirpated aquatic insect species. 
1:7 SUMMARY OF RESEARCH GOALS 
This study proposes the reclamation of some of Illinois’ natural biological heritage 
through the reintroduction of A. frisoni to the Middle Fork of the Vermilion River, Vermilion 
County, Illinois. It has several interrelated objectives:  
1) Determination of the natural range of A. frisoni through examination of museum specimens 
and recently collected samples. Reevaluation of specimens will also clarify taxonomic confusion 
within collections that may have persisted throughout the past. 
2) Identification of the number and location of Pleistocene glacial refugia for this species.  
3) Examination of population structure to determine the number of and relative contribution of 
refugia to recolonization of previously glaciated northern areas and the influence of drainage 
continuity upon post-glacial migration patterns. 
4) Determine an appropriate source population for reintroduction. 
5) Reintroduce eggs of this species from one or more suitable source populations.  
6) Attempt to recover nymphs and adults to evaluate success of the reintroduction. 
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CHAPTER 2 
LITERATURE REVIEW 
2:1 POST-GLACIAL PHYLOGEOGRAPHY OF SPECIES WITH NORTH AMERICAN 
DISTRIBUTIONS 
 
 The most recent glaciation of the Pleistocene, the Wisconsinan, included 10 or more 
advances spanning as far south as 40 N in North America at its maximum (Avise 1992). 
Associated climate cooling drastically affected species distributions, pushing most temperate 
species south (Avise 1992). There is historical evidence that northern ecosystems such as boreal 
forests existed far to the south of their current range throughout the last glacial maximum 
(Delcourt and Delcourt 1987). Similar to the displacement of terrestrial species, disruption of 
aquatic communities through interglacial flooding, proglacial lake formation as well as reversals 
in flow direction throughout the Midwest and eastern United States occurred (Pielou 1991). 
Drainages are important zoogeographic boundaries separating freshwater populations (Avise 
1992, Vogler and DeSalle 1993, Church et al. 2003, Soltis et al. 2006). A notable example is that 
of the Apalachicola River, which flows between Georgia and Alabama. This river has been 
defined by many investigations as a barrier between Gulf and Atlantic coastal populations. 
Historically united populations were separated by this river post-glaciation and experienced 
population subdivision or speciation (Avise 1992, Vogler and DeSalle 1993, Church et al. 2003, 
Soltis et al. 2006).  
 North American species that survived the Pleistocene glaciations are expected to 
demonstrate a distinct disparity in genetic diversity between northern (previously glaciated areas) 
and southern (areas that remained un-glaciated) populations (Hewitt 2000). This trend predicts a 
greater diversity within southern refugal populations, observable in multiple taxa including both 
floral and faunal species (Pielou 1991, Avise 1992, Church et al. 2003, Zamudio and Savage, 
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2003). Observation of this pattern is congruent with the Leading Edge hypothesis, where 
invading populations possess drastically less genetic biodiversity than established populations, 
characteristic of recent expansions (Hewitt 2000).  Diversity is retained within species harbored 
in refugia to the south throughout the last glacial maximum while bottlenecks and founders 
effects limit variation in recolonized populations. 
A review by Soltis et al. (2006) examined the existing 396 North American 
phylogeographic articles published at the time, revealing a common refugium within the 
southern Appalachian Mountains. Several topographic barriers were also identified as common 
to many organisms, including the Apalachicola River as well as the Mississippi River and the 
Appalachian mountains themselves. This meta-analysis tested the level of pseudo-congruence 
among common refugia to ensure that the appearance of several groups adhering to glacially 
defined phylogeographic patterns were accurate and not vestiges of other ecological factors. A 
distinct divergence between eastern and western clades could be seen across most organisms as 
well as a discrepancy between diversity levels between northern and southern populations, the 
latter indicating the considerable role of ancient geologic and glacial events in shaping species 
distributions. Though each species had unique life history traits and selection pressures, glacial 
influence on large-scale genetic structure was evident within all.  
 North American phylogeography has been best studied within several salamander species 
(Church et al. 2003, Zamudio and Savage 2003, Carstens et al. 2005).  The eastern Tiger 
Salamander (Ambystoma tigrinum (Green, 1828)) adheres to the typical east west schism 
between clades, with multiple eastern refugia indicated as the main source of northward 
recolonization for this species, in particular, coastal North Carolina. This species also 
demonstrates a disjunct refugal population within the Blue Ridge area of the southern 
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Appalachians (Church et al. 2003), an area highlighted in phylogenetic investigations of several 
other species examined by Soltis et al. (2006). Zamudio and Savage (2003) analyzed the North 
American genetic structure of spotted salamanders (Ambystoma maculatum (Shaw, 1802)), both 
phylogenetically and using nested clade analysis (NCA) to identify the Interior Highlands of 
Arkansas and Missouri as well as the southern Appalachian mountains as glacial refugia for this 
species. Their data support a pre-Pleistocene split between eastern (Appalachian) and western 
(Interior Highland) populations which may have experienced some secondary contact through 
the previously suggested Ouachita-Ozark-Appalachian suture zone within Mississippi and 
Alabama (Remington 1968). In this case, eastern populations served as the main source of 
northward recolonization.  
 Little phylogeographic research in North America has been conducted upon arthropod 
species. In the 396 articles reviewed by Soltis et al. (2006), only 4 included insects, only 1 of 
which included an aquatic insect species. Within that paper, Heilveil and Berlocher (2006) state 
that insect taxa as “grossly underrepresented” in phylogeographic research. Historically, Ross 
and Ricker (1971), used morphological and distribution data to infer post-glacial dispersal 
patterns of the stonefly genus Allocapnia across eastern North America. They postulated that 
Allocapnia evolved within the southern Appalachians and experienced multiple dispersal events 
throughout the last glacial maximum, though they could not make any statements about 
population structure. Most recently, Walker et al. (2009) combined paleoclimatic data with 
niche-based distribution modeling to corroborate mitochondrial sequence data characterizing 
Pleistocene refugia for the millipede genus Narceus. All three methods suggested two major 
expansion events from a predominant southern Appalachian refugium contributing to coastal 
populations. 
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Most phylogeographic literature about North American species either focuses on the east 
coast and Gulf South and then only briefly mentions relationships between eastern and Interior 
Highland populations but rarely in the context of glacial refugia. Species with distributions that 
cover multiple refugia and both glaciated and unglaciated areas are few and far between 
(Zamudio and Savage 2003).  Acroneuria frisoni has a distribution across North America that 
spans both previously glaciated and ice-free areas. This species will allow the study of multiple 
refugia and post-glacial recolonization from each, characterizing the relative contributions of 
refugia to the recolonization of the north 
2:2 PHYLOGEOGRAPHIC PATTERNS SEEN IN DRAINAGE-DEPENDENT TAXA 
 Eastern North America is a geologically, topographically and ecologically complex 
region (Soltis et al. 2006). This expanse is also host to a complicated system of river drainages 
that has been affected by glaciation (Soltis et al. 2006). Contemporary drainage structure is a 
combination of ancient vicariance events as well as recent fusion and fragmentation of drainages 
throughout the Wisconsinan glaciation. Pleistocene glaciations resulted in drastic drainage 
system changes including flow reversals to the South and significant fusion of historically 
isolated drainage basins along the east coast. Though contemporary drainage systems are 
drastically different, paleodrainage structure is a likely isolating factor between ancient 
populations of stream-associated taxa (Hewitt 2000, Kozak et al. 2006).  
 In a review of biogeographic patterns among North American fresh water fish species, 
Mayden (1988) found that contemporary fish communities were often structured by pre-glacial 
drainage systems. This included the predicted east-west divide created by the Apalachicola River 
with the formerly isolated drainage basins to the east containing higher levels of diversity and 
more endemic species while western populations were far less diverse. This study revealed fish 
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communities found in the Ouachita Mountains were most closely associated to those found 
within the Ozarks. Ozark fish species shared affinities with Ouachita populations as well as those 
found in the eastern highlands of the Appalachian Mountains. Following the patterns predicted 
by paleodrainage structure, the upper Ohio River shared more similar community structure with 
the Interior Highlands than with the lower Ohio. This pattern can also be seen in several 
salamander species with a similar range. In the shovel-nosed salamander (Desmognathus 
marmoratus Moore, 1899), an evolutionarily significant lineage exists in the southern 
Appalachians. This population structure suggests a history shaped by geological changes 
associated with evolution of the Appalachian River system (Jones et al. 2006). The Eurycea 
bislineata Green,1818 salamander species complex ranges across eastern North America in 
which the modern contiguous Tennessee River system contains two clades occupying the upper 
and lower Tennessee with Gulf South and Cumberland River affinities respectively, reflecting 
ancient drainage structure (Kozak et al. 2006). Throughout the world present population 
structures are frequently defined by pre-glacial river systems, including New Zealand where 
phylogenies of freshwater fish species reflect ancient drainage arrangement, corroborating 
geological and climatic data, making the argument that biological data may be used reliably to 
date drainage evolution (Waters et al. 2001). 
Arthropod species demonstrate the same pattern of drainage-dependence. Amphipod 
lineages throughout Australia demonstrate clear correspondence to ancient hydrological 
structure. Some localized gene flow occurs within tributaries while higher levels of variation are 
explained by paleodrainage structure of the region (Finston et al. 2007). In North America, the 
megalopteran Nigronia serricornis (Say, 1824) demonstrates expected patterns of variation with 
more diversity within populations east of the Appalachians. This species was sustained in 
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multiple Pleistocene refugia including previously implicated coastal North Carolina as well as 
interior Tennessee. Both refugia show independent contributions to northward recolonization 
that appear to converge in a contact zone in western New York (Heilveil and Berlocher 2006). 
This area of research has received much more attention throughout Europe, though 
glaciations have affected this region differently. Mountain ranges in Europe stretch from east to 
west as opposed to the north-south arrangement seen in North America. This difference has 
resulted in different patterns observed in temperate species population structure where sky 
islands served as primary glacial refugia in Europe, North American species were able to move 
south of glacial influence along uplifted corridors.  Throughout Europe the caddisfly Drusus 
discolor Rambur, 1842 shows distinct patterns created by isolation likely due to gene flow 
restriction by low dispersal between glacial refugia. Ancient patterns of fragmentation are 
maintained with strong evidence of bottleneck events and divergence events that can be dated 
back to the early Pleistocene when initial separation of montane populations occurred (Pauls et 
al. 2006). 
It is clear that surface hydrology affects population structure in drainage-dependent taxa 
(Mayden 1988, Waters et al. 2001, Finston et al. 2007). Modern drainage systems have been 
drastically altered by glacial influence and are distinctly different from ancient arrangements. 
Across multiple species genetic structure frequently adheres to ancient drainage patterns. 
However, it is also likely that glaciation may completely eradicate prior drainage structure. In 
this case, population genetic structure will reflect migration routes along contemporary systems. 
Drainage history before the Pleistocene has left its signature in present populations, 
especially those south of glacial maxima. The role of drainage structure on population structure 
is studied predominantly within fish and salamander species. Aquatic insects have distinctly 
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different life spans, life history attributes and potentially different dispersal abilities then either 
fish or amphibians. More phylogeographic work is necessary to determine if models found in 
vertebrates holds true for aquatic insects. 
2:3 REINTRODUCTION EFFORTS TO DATE, WITH A FOCUS ON INSECT SPECIES 
The World Conservation Union continues to publish high numbers of species listed as 
endangered or threatened (International Union for Conservation of Nature 2009). As this trend 
persists, conservation biologists search for new tools to maintain natural biodiversity including 
the four types of species relocations classified by IUCN (1998). Reintroductions are defined as 
attempts to reestablish a species within its historical range. The best known examples of 
reintroduction efforts include avian and mammal species (e.g. the California condor [Gymnogyps 
californianus (Shaw, 1797)] and the gray wolf [Canis lupus Linnaeus, 1758]). The relatively 
little focus given to insects is often limited to charismatic species within the Lepidoptera (e.g. 
Schaus Swallowtail [Papilio aristodemus ponceanus Schaus, 1911], Purple Copper Butterfly 
[Paralucia spinifera Edwards & Common, 1978], Regal Fritillary [Speyeria idalia Heitzman & 
Heitzman, 1987]). Reintroduction practices typically occur in an act to prevent the loss of a 
noticeable species by relocating individuals that may be disturbed by human practices 
(Mjadwesch and Nally 2008), or as part of a greater restoration project (Shepherd and Debinski 
2005, Fraser and Martinez 2002), by the translocation of larvae. 
Aquatic insect taxa are under unique pressures due to human dependence upon freshwater 
resources. It is projected that approximately 10,000 freshwater invertebrates throughout the 
world are already extinct or imperiled (Strayer 2006). The loss of these species is critical because 
many contribute to aquatic food webs and possess system-wide roles in nutrient cycling. 
 Reintroduction efforts for aquatic insects are rare and often a facet of larger restoration 
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efforts upon waterways and wetlands. The Ash Meadows naucorid (Ambrysus amargosus La 
Rivers, 1953), was reintroduced to a restored oasis (Fraser and Martinez 2002); the mayfly 
species Ephemera danica, Muller 1764 and Palingenia longicauda (Oliver, 1791), to restored 
rivers within Europe (Bennett 2002, Tittizer 2005). These reintroductions have been successful 
to a degree; however, follow-up investigations remain informal. Without published data 
regarding success or failure, little knowledge about reintroductions of aquatic insects is gained. 
More recently, Goldstein and DeSalle (2003) used mitochondrial DNA sequences obtained from 
historical specimens to inform the reintroduction of the Northeastern Tiger Beetle (Cicindela 
dorsalis dorsalis Say, 1817). They discovered that anthropogenic fragmentation has led to 
unique, isolated populations within areas adjacent to the proposed reintroduction site. With this 
information, a unique population was chosen as a source so as to mimic nearby genetic structure 
in the area of reintroduction. Reisenbichler et al. (2003) tout the importance of understanding 
ancestral lineages to the genuine restoration of a species in order to maintain natural diversity 
through genetic processes as well as structuring reintroductions on a population-level basis.  
These ideals can be applied to any organism and used to design a model reintroduction. 
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CHAPTER 3 
 
MATERIALS and METHODS  
3:1 CHARACTERIZATION OF DISTRIBUTION  
 Specimens were obtained from regional natural history collections from which to 
determine the natural range of A. frisoni (Table 1). These specimens were prepared using the 
methods of Stark and Gaufin (1976), confirming or updating identifications as needed. New 
specimens were collected from 34 sites throughout the range by dipnetting to obtain nymphs and 
ultraviolet light trapping for adults. Specimens were preserved in 95% EtOH, stored at -20° C, 
individually accessioned into the Illinois Natural History Survey Insect Collection, and stored 
long term at -80° C. All locations were georeferenced and mapped using ArcView GIS software 
(Lee and Wong 2001).  
 To examine the role of drainage age on the population structure of A. frisoni, locations 
used in molecular analysis were classified as to their affiliation with both historical and 
contemporary drainages of Mayden (1988) (Fig. 12, Table 8). As a drainage-dependent species, 
it is likely that dispersal patterns of A. frisoni will follow ancient, contemporary or a mixture of 
the two drainage structures. Historically, basins north of the modern Ohio River were associated 
with the ancient Teays-Mahomet River. Contemporary drainage patterns have shifted post-
Pleistocene, uniting some previously segregated drainages within the Ohio and Tennessee river 
basins (Mayden 1988).  
3:2 MOLECULAR PROCEDURES  
Genomic DNA (gDNA) was extracted from leg tissue of A. frisoni specimens using a 
Qiagen QIAamp® DNA Micro Kit, following the manufacturer’s standard protocol. Polymerase 
Chain Reaction was used to amplify the entire mitochondrial gene Cytochrome Oxidase I (COI) 
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using PuReTaq™ Ready-To-Go™ PCR Beads with two primers: COI 1491LF (5’-TAC CGC 
GAC AAT AGA TTA TTT TCA AC -3’) and COIILeuR (5’- GCA CTA ATC TGC CAT ATT 
AGA -3’). Amplification reactions were designed as follows: 21 μL H2O, 1 μL 10μM COI 
1491LF, 1 μL 10μM COIILeuR and 2μL gDNA. Reactions were run on a BioRad DNAEngine 
Peltier thermal cycler with the following protocol: 95°C 2 min; initial denaturing and (95°C 30 
sec, 56°C 30 sec, 72°C 2 min) for 40 cycles. Amplified DNA was then visualized on a 1.0% 
agarose gel run at 90 V for 30 min. Successful amplifications were purified using QIAquick® 
PCR Purification Kit using the manufacturer’s standard protocol. Following purification, DNA 
concentration was measured using a Nanodrop™ photospectrometer. Sequencing reactions for 
each sample involved four individual primers; external forward and reverse (COI1491FL and 
COIILeuR, respectively) and internal forward and reverse primers: COIFintFr (5’-AGG TAT 
AGA TGT TGA TAC ACG AGC -3’) and COIRintFr (5’-ACC GTA GTA ATG AAG TTG 
ACG GCC-3’), respectively. Six additional internal primers were designed to amplify smaller 
fragments of DNA from degraded, older specimens or unique material: COIFint3Fr (5’-GAT 
TCT TCG GCC ACC CGA AG -3’), COIRint3Fr (5’-CTA AAA CCC CAA CAA -3’), 
COIFint4Fr (5- GCT GGA GCA ATC ACA ATA CTA TTA CAG-3’ ), COIRint4Fr (5’- GTG 
AGC TAC TAC ATA GTA AGT GTC ATG-3’), COIRint6Fr (5’-CTA ATG TCA TTC CAG 
CTG ATC GTA -3’), and COIFint5Fr (5’ –TCA TTC TTT GAC CCA GCA GGA GC -3’).  
For each primer the following sequencing reaction was run for each sample: 4.5 μL Big 
Dye, 1.6 μL 2 M primer, 140 ng DNA and H2O, producing a 20 μL final reaction volume. For 
reactions yielding weak or short (<600bp) sequences the protocol was modified as follows: 2 μL 
Big Dye, 1 μL dGTP, and 1 μL DMSO. Sequencing reactions were run on a BioRad DNAEngine 
Peltier ThermoCycler with the following protocol:  96°C 2 min, initial denaturation and (96°C 20 
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sec, 50°C 5 sec, 60°C 4 min) for 25 cycles. Sequencing reactions were cleaned and then 
submitted to the University of Illinois Keck Center to be sequenced via an ABI 3730XL capillary 
sequencer. Sequence contigs were assembled and edited in Sequencher® (Gibbs and Cockerill 
1995), then aligned manually in PAUP* (Swofford 2003).  
3:3 PHYLOGENETIC ANALYSES  
 COI sequences were collapsed into unique haplotypes using Collapse (Posada 1999).  
Four outgroup stonefly taxa were selected to complement the data set and to root the tree: 
Tyrrhenoleuctra tangerina (Navas, 1922), Isoperla fulva Claassen, 1937, Peltoperla arcuata 
Needham, 1905 and Alloperla severa (Hagen, 1861) (Table 3).  Outgroup sequences obtained 
from GenBank were aligned with the A. frisoni dataset using ClustalW (Larkin et al. 2007); 
missing data from outgroup taxa were treated as missing data. A Bayesian phylogenetic analysis 
of haplotypes was performed by MRBAYES (Hulsenbeck and Ronquist 2001) using the model 
GTR+I+G, selected by ModelTest (Posada and Crandall 1998), and the Markov Chain Monte 
Carlo method, six chains (swap temperature set to 0.15) was run for 5,000,000 generations. Trees 
were sampled every 1,000 generations, with a burnin of 2,500,000, producing a majority-rule 
consensus tree supported by posterior probability values based on 5,000 trees from two runs. 
Bayesian analysis was carried out on the BioHPC computer cluster at Computational Biology 
Service Unit at Cornell University (CBSU) (http://cbsuapps.tc.cornell.edu/mrbayes.aspx). 
Haplotypes were estimated using Collapse (Posada 2006) and joined into a network using 
TCS (Clement et al. 2000) based on statistical parsimony. Population data were analyzed for 
their affiliation with contemporary drainage and historical drainage patterns (Mayden 1988) (Fig. 
12).  
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3:4 POPULATION GENETIC ANALYSES  
An analysis of molecular variance (AMOVA) was conducted with 1,023 permutations 
using the Kimura 2P distance method in Arlequin 3.1 (Excoffier et al. 2005). A pairwise 
comparison of genetic differentiation among all populations was also conducted in Arlequin 3.1, 
generating independent FST values. Pairwise comparisons at the contemporary basin-level were 
also made, calculating FST values. P-values were modified using the Bonferroni Correction 
(Miller 1981). A Mantel test of isolation by distance was conducted at the population level using 
calculated FST values and aerial distances calculated from geographic coordinates. Populations in 
close proximity to one another (i.e. in the same county) were treated as one population, creating 
a 30 x 30 matrix analyzed by the Isolation by Distance Web Service (Jensen et al. 2005) with 
1,000 bootstrap replicates.  
Tajima’s D and Fu’s F neutrality tests were conducted using Arlequin 3.1 to elucidate 
basin-level population demographics, particularly expansion patterns and directional selection 
that may implicate bottleneck events among recolonizing populations. Both tests were run with 
20 bootstrap replicates. Raggedness Indices were generated using 50 bootstrap replicates to test 
the fit of data to a unimodal distribution within a pairwise mismatch distribution. Non-significant 
RI values indicate a failure to reject the Null model of population expansion.  
Migrate-N (Beerli and Felsenstein 1999, Beerli 2006) uses Bayesian inference to test 
hypothetical refugia suggested by phylogenetic analyses. This program estimates effective 
population sizes (Ne) by calculating theta (θ) values, a function of Ne, as well as relative 
migration rates (M-values). Populations were divided into three regions: the Interior Highlands, 
Central, and the Appalachians based on phylogenetic inference and then analyzed using 
coalescent simulations for 50,000,000 generations with a burnin of 5,000,000. A second analysis 
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was run with the same parameters, dividing the Central region into three subregions to further 
elucidate potential refugia specific to the Central region. Each analysis was run three times with 
a different random starting seed to ensure convergence upon similar outputs. Analyses were 
partially run using the BioHPC computer cluster at CBSU 
(http://cbsuapps.tc.cornell.edu/migrate.aspx). 
3:5 REINTRODUCTION 
 
 Based on population structure, central Indiana was chosen as a source of individuals for 
reintroduction. In June 2009, two streams, Rattlesnake Creek (site #27, Table 2 & Fig. 12) and 
Leatherwood Creek (site #28, Table 2 & Fig. 12) were sampled via ultraviolet light trapping to 
obtain females bearing egg masses. Eggs were placed into labeled Whirlpak® bags filled with 
stream water by dipping the female abdomens into the water, resulting in the release of their egg 
mass. Females providing egg masses were preserved in 95% EtOH for later studies of changes in 
genetic structure in the new population. Eggs were transferred back to the laboratory in coolers 
where they were stored in a cool room no longer than one day while they were counted. Maternal 
voucher information, locations, collection date and number of eggs collected in each batch were 
all recorded.   
 Three sites within the Middle Fork were chosen for egg introduction, each separated by at 
least 1 km of distance (Fig. 8). To each site five, ten or twenty egg batches were introduced with 
the smallest number of eggs deposited the furthest upstream so as to lessen the influence of each 
on the others. Stonefly eggs sink quickly, some even possess a collar to better allow for 
attachment to a substrate; however, A. frisoni eggs lack this sticky collar (Stark 2004). To 
decrease the effect of water flow on the ability of eggs to sink and ultimately settle into substrate, 
a 0.5 m diameter cylinder was used to temporarily disrupt flow within areas of chosen riffles. 
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The cylinder was dug into a different part of the riffle for each egg mass deposited. Once flow 
within the cylinder ceased, eggs were poured in and allowed time to settle until the cylinder was 
slowly removed. Each egg batch was introduced to a different part of a riffle and care was taken 
to not disrupt each area after egg placement.  
 Two egg batches were retained in the laboratory in order to monitor hatching success and 
phenology. Each batch was placed in its own container filled with conditioned water (EPA 
standard formula) with a bubbler and incubated at 20°C with an 11 hour daylight cycle.  
 Sampling to monitor success was carried out at three different times throughout the 
following year. On November 13
th
, 2009 three persons each with a dipnet sampled for immatures 
beginning 300 meters downstream of site three (Fig. 8) and continuing upstream into the release 
site. Sampling continued for three hours, totaling 9 person hours of sampling. This site was 
sampled again on April 11
th
, 2010 by two people with dipnets for three hours generating six 
additional person hours of sampling for immatures. On June 16
th
, 2010, both ultraviolet and 
mercury vapor lights were used to sample for adults in the same area for one and half hours, 
totaling 16.5 person hours logged in attempt to recover successfully introduced individuals. 
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CHAPTER 4 
 
RESULTS 
 
4:1 SPECIMEN IDENTIFICATION AND DNA SEQUENCING 
 Specimens from 13 institutions were reevaluated to generate distribution data on the 
natural range of A. frisoni in North America (Fig. 3.) These specimens included 1,138 records 
and 2,468 specimens (Table 1).   
This species appears to be one that inhabits wooded, coolwater streams from eastern 
Oklahoma through the Interior Highlands, across the till plain of Illinois, Indiana and Ohio and 
north into southern Ontario where confirmed specimens have been collected from as far north as 
45.5° latitude. South of the Ohio River, this species is abundant through Kentucky and 
Tennessee with sporadic populations into the foothills of the Appalachian Mountains as far east 
as south-central Pennsylvania. One record exists from the shores of Lake Champlain in New 
York, a nymph collected in 1966 (Purdue-4478). Populations are also known from North 
Carolina (Lenat 1987, Kondratieff et al. 1995), Virginia (Kondratieff and Kirchner 1987), West 
Virginia (Steele and Tarter, 1977) and northern Alabama (Stark 2004). The identity of these 
specimens has not been verified here; however, each record has been presented by a reputable 
Plecoptera researcher and should be considered valid. 
New collections from across the range yielded 275 individuals from 34 populations, all of 
which were successfully sequenced, yielding 1,511 bp of COI with no ambiguous bases. The 
COI sequence of A. frisoni corresponds to position 1,470 in the Drosophila melanogaster 
Meigen, 1830, mtGenome and terminates within the coding region for the following tRNA, 
tyrosine. Translation initiation of the COI gene sequence corresponds to position 1,474 of the D. 
melanogaster mtGenome at the beginning of the gene and ends at the base position 
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corresponding to 3,012, revealing an additional amino acid at the end of the A. frisoni COI 
sequence, absent in D. melanogaster, which ends at position 3,009. 
 
4:2 PHYLOGENETIC ANALYSES 
 
4:2:1 Bayesian Phylogenetic analysis 
 
The Bayesian analysis yielded a majority-rule consensus tree of haplotypes with few 
significantly supported branches (Fig. 4). This tree provides some distinction between clades, 
generally associated with geographic regions and contemporary drainage structure. At the base 
of the tree are those haplotypes from populations of the Interior Highlands of Missouri and 
Arkansas. While relationships among these haplotypes were not resolved, this haplogroup 
contains all representative haplotypes from within the White River and Arkansas River drainages 
with a majority of individuals from Mississippi drainage populations as well. This haplogroup 
also includes a few representatives from the Ohio River drainage. 
The next major branch of the tree breaks into two parts: a large polytomy and a small, 
basal clade. This basal clade includes representative haplotypes of the Upper Tennessee River 
and all haplotypes from the Potomac River basin, both considered Appalachian drainages. This 
small clade also includes some representative haplotypes of the Lower Tennessee drainage which 
is geographically adjacent to drainages associated with a Central grouping (basins included are 
defined in Table 9) of the large distal polytomy of the tree. This polytomy contains 
representatives from nine drainage basins, all of which are geographically associated centrally 
within the range explored in this investigation. These drainages include the: Wabash River, Ohio 
River, Upper Ohio River, Green River, Cumberland River, Mississippi River, Lower Tennessee 
River and Great Lakes drainages. Some resolution is gained within this polytomy at its tip. One 
derived subclade includes representatives of all Central-region drainages except those of the 
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Mississippi drainage and with only one Ohio River representative, which shares affinity with the 
Interior Highlands, separating this tip sub-clade geographically as a more northern Central 
grouping. 
The general signal of this tree is that of an ancestral population within the Interior 
Highlands being basal to more derived groups within the Appalachian and Central drainages, 
with the Appalachian populations as ancestral to Central groups. 
4:2.2 Phylogenetic Network Estimation 
A total of 137 haplotypes were found in the 275 COI sequences analyzed using Collapse. 
These data included 152 variable sites within the 1,511 bp. A single network was generated and 
then coded based on historical and contemporary drainage patterns to examine if one model 
better explained population structure (Fig. 5).  
The network is centered upon a single predominant haplotype, H1, which represents 23% 
(63 individuals) of all sequences analyzed. The general structure of the network reveals three 
clades: the Central clade including all individuals of H1 and the associated unique haplotypes 
differing by one or two bases. Separated from H1 by seven base differences are those haplotypes 
unique to the Interior Highlands, containing all individuals collected from within the White and 
Arkansas drainages as well as some from the Mississippi drainage. These haplotypes group 
together in two smaller networks separated by two base differences. Also attached to H1 but 
distinctly separate from Interior Highlands haplotypes is a small clade including haplotypes from 
more south central drainages within Indiana. This group includes individuals collected from the 
modern Wabash drainage and is closely (1-2 base differences) associated with individuals of the 
modern Tennessee River system. Separated by seven base differences and an intermediate 
Cumberland River haplotype, this clade is associated with the only other independent clade 
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separated from H1, also by seven bases. This clade includes individuals from the Appalachian-
associated drainages of eastern Tennessee and Pennsylvania. Derived by another seven to eight 
base differences are two additional independent groupings of haplotypes unique to the Upper 
Tennessee drainage. Both of these loosely Appalachian-affiliated groups are also attached to the 
large H1 haplogroup by four to five base differences, both through Lower Tennessee haplotypes 
as an intermediate step separated from H1 by one base. 
4:2.3 Drainage Pattern Characterization 
 Both Bayesian phylogeny estimation and haplotype networks demonstrate a relationship 
between population structure and drainage continuity. When mapped onto the tree, there is a 
clear association between contemporary drainage structure and phylogroup designation (Fig. 4). 
When contemporary and ancient drainage-coded networks are compared, it is clear that the 
representation of Ohio River drainage haplotypes in the contemporary network, reiterating the 
union of historically isolated drainages within the contemporary Ohio drainage (Fig. 5). This 
pattern is especially evident within the historical Wabash River drainage, which becomes a part 
of the Ohio basin contemporarily. 
4:3 POPULATION GENETIC ANALYSES 
4:3.1 Analyses of Variation  
 
 The greatest amount of genetic variation throughout the range of A. frisoni occurs 
between basins, accounting for 59.76% of all variation (Table 4). Only 3.34% of variation exists 
within basins, leaving the remaining 36.89% of variation within populations. Significant 
differentiation was observed in both contemporary and historic drainage structure at all three 
hierarchical levels. However, Phi statistics, which measure degree of differentiation, are much 
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higher between populations across the range and between basins, than between populations 
within basins.  
 Populations of A. frisoni were isolated by distance (Mantel Test, R
2
 = 0.402, p < 0.05; 
Fig. 11). It is apparent from the scatter plot of data points that other factors are influencing 
genetic structure besides isolation by distance. 
4:3:2 Analyses of Population structure 
 Population pairwise FST values (Table 5) adhered to the same general structure obtained 
from network diagrams where individuals collected within the Interior Highlands (pops. 1, 2, 3, 
9, 10 & 17 on Fig. 12) were not significantly different from one another but significantly 
different from populations of adjacent drainages within Tennessee and Kentucky (pops. 4, 5, 6, 
8, 23 & 32). FSTs revealed little genetic structure within populations grouped in the Central clade. 
Populations collected from Indiana (pops. 24 - 31), Ohio (pops. 11 - 13), Kentucky (pops. 6, 23 
& 32) and Tennessee (pops.4, 5, 7 & 8) were not significantly differentiated. Populations 
sampled from Ontario, Canada (pops. 14 & 15) and Pennsylvania (pop. 34), those located 
farthest to the north and east respectively, are relatively isolated geographically but, were not 
significantly differentiated from others in the Central clade.  Ontario populations were shown to 
be similar to the Portage County, Ohio population (13), as well as to populations of central 
Indiana (pops. 25 & 31). Pennsylvania populations were also similar to northern Ohio samples, 
from Ashtabula County (11 & 12) as well as with Decatur and Union counties within Tennessee 
(pops. 4 & 8). A pattern of similarity exists between central and eastern Tennessee and the 
eastern localities of Pennsylvania and northern Ohio while central Tennessee populations are 
more similar to Kentucky, Indiana and central Ohio populations. 
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 FST values calculated for populations occurring within drainage basins that have changed 
basin affiliation over time were expected to reveal genetic differentiation reflecting historic river 
connections. Such shifts are mostly located within the Central region. In southern Illinois, the 
Jackson County population (pop. 18) is significantly different from all other populations except 
those collected in the nearby Pope County, Illinois. Populations from central and southern 
Indiana (pops. 25-31), are shown not to be significantly different from one another, though 
historically their drainage associations have changed. The same is true for populations within 
western Tennessee (pops. 4 & 5). These results show a population structure generally influenced 
by contemporary drainage associations. 
Fu’s F tests of neutrality suggest that all contemporary basin-level populations are 
expanding except for those of the Appalachian-associated Upper Tennessee drainage (Table 7). 
Tajima’s D implicates only the Arkansas drainage within the Interior Highlands as expanding 
while the Centrally-associated drainages of the Great Lakes, Ohio River, Wabash River and the 
Cumberland River are all supported as expanding. No Appalachian-associated drainage 
populations are suggested to be expanding by Tajima’s D (Table 7). Raggedness index values 
lower than 0.05 suggest demographic expansions while values greater than 0.05 are more 
consistent with constant population sizes (Harpending 1994). Calculated raggedness indices 
supported basin-level population expansion in most basins except those of the Green, 
Cumberland, Upper Ohio, Potomac and Upper Tennessee Rivers, though none of the p-values 
significantly rejected population expansion (Table 7).  Based on all three tests, Arkansas, Great 
Lakes, Ohio and Wabash River drainages are all supported as expanding.  
The Appalachian population (basins included defined in Table 9) had the largest 
estimated effective population size while the Interior Highlands had the smallest. Between these 
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three regions, migration appeared the greatest from the Central region into that of the 
Appalachian region with some minor migration occurring between all other regional pairs (Fig. 
6). A second migration analysis attempting to partition out areas of the Central region failed to 
produce consistent results through multiple runs. 
 
4:4 REINTRODUCTION 
 A total of 35 egg batches (7,166 eggs total) were collected primarily from Leatherwood 
Creek but also from Rattlesnake Creek near Bedford, Indiana (pops. 27 & 28 of Fig. 12). 
Reintroduction Site 1 (Fig. 8) was populated first from Rattlesnake Creek; with all five of the 
egg batches introduced there obtained from females earlier in the season and likely carrying their 
first egg batch, hence the relatively larger reported batch sizes (Fig.9). Conditions within the 
Middle Fork at the time of release were not ideal with elevated water levels due to continuous 
moderate to heavy rainfall throughout the end of May and June of 2009. Sites 2 and 3 were 
populated with egg batches collected from Leatherwood Creek later in the season from females 
likely producing their second egg batches which have relatively smaller egg densities than initial 
egg batches. 
 Sampling to recover introduced individuals was conducted throughout the following year 
and covering multiple stages of development. Attempts to dipnet 300 meters downstream of site 
3 provided no nymphs in either November of 2009 or April of 2010. Ultraviolet and mercury 
vapor lighting to attract adults in the same area during their emergence time in early June also 
proved unsuccessful. 
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CHAPTER 5 
 
DISCUSSION 
5:1 NATURAL RANGE OF Acroneuria frisoni 
 The first goal of this project was to determine the natural range of A. frisoni throughout 
North America. Its known range extends from the northeastern corner of Oklahoma reaching as 
far north as southern Ontario, Canada and as far east as central Pennsylvania (Fig. 3). This range 
reflects that of one expected for an organism requiring wooded, temperate climates and 
coolwater drainages of good water quality. Personal sampling success rates reinforce the 
importance of water quality to this species: areas that exhibited high quality physical habitat 
often yielded few or no specimens. These sites were typically associated with agricultural land 
use, often with hydrological modifications that degraded their habitat quality. Molecular data 
demonstrated that populations of this species have undergone rapid expansion since the 
Pleistocene. However, recent sampling has demonstrated that the range of this species is 
shrinking due to recent anthropogenic stresses placed on freshwater environments that are yet to 
be reflected within their genetic profile. Though this study was not designed to assess range loss, 
loss is evident, particularly in till and lake plain landscapes in Illinois, Indiana, Ohio, Michigan 
and Ontario. This species also appears to have been extirpated from the wave swept shores of 
large lakes, including the Bass Islands and Pelee Island in Lake Erie where they had been known 
prior to 1950. It is mostly within the unglaciated areas with greater topographic relief that A. 
frisoni still exhibits robust populations. 
5:2 PLEISTOCENE GLACIAL REFUGIA  
The three regions delimited through Bayesian phylogenetic analysis (Fig. 4) indicate deep 
divergences among these phylogroups, suggesting that they are relatively ancient splits from one 
another, likely extending farther back in history than the Wisconsinan glaciation. Based on 
 31 
haplotype networks, populations in these refugia dispersed along contemporary drainages that 
maintained relative separation of haplogroups. The tree suggests that populations in the Interior 
Highlands are oldest, giving rise to populations further east prior to the Pleistocene. However, 
one step up in the tree are found haplotypes associated with Appalachian drainage systems which 
have been implicated by other phylogeographic studies as refugia for other species throughout 
the Pleistocene (Soltis et al. in 2006, Church et al. 2003, Zamudio and Savage 2003). Network 
diagrams offer more specific details about potential refugia by showing base-level differences in 
haplogroups, parsing out populations that are more unique from others while showing the degree 
of association among closely related populations. Within the Appalachian-associated populations 
of the Upper Tennessee River basin we see three sub-clades, all with private haplotypes, 
suggesting multiple lineages in the Tennessee basin. It is possible that this drainage was host to 
multiple refugia that have been expanding and changing throughout time independent of each 
other. These groupings, though distantly related, are connected to H1 in the network suggesting 
these refugia have had some influence upon recolonization of areas north of the current Ohio 
River system. The network supports haplotype H1 and its derivatives, within the Central region 
as an independent refugium, as these haplotypes are distinctly different from those within 
Interior Highlands and Appalachian regions by many base pairs. 
Phylogeographic patterns within A. frisoni are different from observed trends in another 
eastern North American aquatic insect species, N. serricornis. In this species, refugia were 
proposed for the western flanks of the Appalachians and Atlantic coast drainages (Heilveil and 
Berlocher 2006). Haplotype and genetic diversity of N. serricornis was low within the Midwest 
but a contact zone between Midwestern and Atlantic populations was proposed in New York. 
The possibility of another refugium was also postulated within central Pennsylvania based on the 
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presence of unique haplotypes. The Interior Highlands were not suggested as a refugium, but 
little sampling was carried out in this area, despite the species being abundant there. The great 
disparity in phylogeographic patterns between these two drainage-dependent species suggests 
much remains to be learned about the phylogeography of eastern North American aquatic 
insects. 
 5:3 NORTH AMERICAN POPULATION STRUCTURE 
 Population structure is clearly influenced by drainage basin structure (Table 4), with a 
slightly larger amount of variation accounted for by contemporary versus ancient drainage 
structure. Most historical drainage restructuring occurred in glaciated areas north of proposed 
refugia. As glaciers pushed species south, it is expected that post-glacial recolonization would 
follow routes outlined by post-glacial landscapes. For example, the modern Ohio River acted a as 
connection between the Interior Highlands and Central region populations (Fig. 4). Similarly, the 
Lower Tennessee served as a connection between Central and Appalachian populations. The 
Interior Highlands are distantly associated with Appalachian populations through intermediate 
haplotypes of the upper Tennessee drainage.   
Pairwise population-level FST comparisons also demonstrated a clear relationship between 
contemporary drainage structure and modern populations. Discussion of the exact routes of 
recolonization of northern, previously glaciated areas, requires greater sampling density and 
possibly more individuals per site. Isolation by distance tests can offer some insight. In this case 
it appears that dispersal is not completely contingent on drainage structure, as some 40% of 
genetic variation was explained by aerial distance between population pairs. Conducting a 
Mantel test using distances based on drainage continuity may offer a clearer picture, although it 
would prove a great deal of work to calculate each pairwise distance. 
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Population structure can be clearly broken into three geographic regions: Interior 
Highlands, Central, and Appalachians. Significant differences exist between most populations in 
one region and the populations of other regions. FST values also demonstrate relatedness of 
populations within a region. There are some instances when this is not the case, for example 
populations from Pope County including Quarrel, Gibbons and the East Fork of the Little Lusk 
creeks as well as Bronte Creek in Ontario, Canada don’t consistently shows patterns of 
relatedness to populations located within their same region. These localities were represented by 
only one or two sequences, resulting in little signal and making it impossible to accurately depict 
differentiation within a population. Pairwise comparison of FST values demonstrated one 
unexpected pattern, that of the Jackson County population from southern Illinois as being both 
significantly different from populations belonging to the Central and Interior Highlands regions 
as well as not significantly differentiated from other populations contained in each. This 
indicated that historically, this area has been a secondary contact zone between refugia. This is 
corroborated by haplotype networks in which some individuals from Jackson County 
demonstrated affinity for the H1 haplogroup of the Central region while others grouped with the 
Interior Highlands haplogroup. 
Many populations of A. frisoni were expanding. Fu’s F, Tajima’s D and raggedness 
indices all supported expansion of Central populations, while several populations in the Interior 
Highlands and Appalachian regions were not expanding. Under normal conditions, we should 
expect population expansion within recolonizing populations. A drainage level AMOVA 
demonstrated a pattern of variation characteristic of an expanding population with the greatest 
amount of variation existing between basins. There was relatively little variation accounted for 
between populations within basins, meaning that individuals within the same drainage system do 
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not vary greatly from one another, indicative of the large role drainage continuity had on shaping 
population structure. AMOVA results also demonstrated that variation within populations was 
sizable, indicating that populations were expanding and diversifying. Phi statistics supported this 
as well, with relatively higher values of differentiation within populations. 
Population expansion was best supported for populations within the Central region. This 
was supported by the coalescent simulation results that characterized current migration between 
regions. Migration was greatest from the Central region into Appalachians, though each region 
was experiencing at least a low level gene flow with the other two (Figs. 6 and 10). The minute 
amount of migration estimated between Interior Highlands and Appalachian regions was likely 
the product pre-Pleistocene associations.  
While migration occurred prior to the 20
th
 century, a recent trend of population 
contraction has occurred in Illinois and the rest of the Midwest in till and lake plain landscapes. 
Poor water quality and discontinuous habitat have impacted the ability of this and other aquatic 
insect taxa to reestablish populations once they have been lost. To date, no evidence of 
recolonization by populations of these sensitive species has been found.  
5:4 SOURCE POPULATION SELECTION  
 The Middle Fork is located within the contemporary Wabash River drainage of the 
Central region. A second Migrate-N analysis used to determine a more exact location of a 
refugium in this region failed to converge on any conspicuous results. 
Modern population structure of A. frisoni implies that any extant population found within 
the contemporary Wabash drainage could serve as a suitable source for reintroduction to eastern 
Illinois. Leatherwood and Rattlesnake creeks in near Bedford, Indiana (pops. 27 & 28 in Fig. 12) 
are streams contained within this drainage. They possess good water quality and large 
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populations of A. frisoni leading to their choice as source populations.  
5:5 EGG REINTRODUCTION  
Reintroduction methods were designed to facilitate the tracking of genetic changes 
experienced through generations of an established population of A. frisoni. The focus was on 
obtaining the COI sequences of mothers providing eggs for reintroduction. In doing so, the 
sequences of offspring collected the following year could be compared to maternal sequences. 
This was done in hopes of further informing effective egg population size necessary to establish 
a self-sustaining population. While we can infer Ne from programs like Migrate-N, how these 
numbers translate to egg abundance we cannot understand without further examination of egg 
development and survivorship. 
Failure to recover nymphs or adults could be attributed to unsuccessful egg hatching or 
low survivorship of nymphs. If eggs had hatched and there was reasonable survivorship among 
nymphs, the increased water volume in the river may have impacted our ability to find nymphs. 
The probability of locating any immatures in such a large stream is low at best, suggesting 
reintroduction practices should be modified to increase the likelihood of finding established 
individuals after repeat introductions.  
In the future, methods of reintroduction should focus on how to best place source 
individuals into the river system. Some ideas include maintaining similar procedures but placing 
eggs into smaller tributaries feeding into the Middle Fork. This would reduce the amount of 
predatory stressors, reduce the effects of relatively faster flow on eggs as well as minimize 
potential pressure on egg survival from commercial recreational use of the river. Smaller streams 
are easier to sample and track success in and may serve as a nursery in which to build 
populations large enough to successfully colonize larger drainages. 
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Though reintroduction techniques have yet to be perfected, a large step in the right 
direction has been taken by the characterization of range-wide genetic structure of A. frisoni and 
use of this information to determine appropriate source populations. With these tools in place, 
reintroduction efforts will continue in hope of restoring some of the biological diversity that once 
characterized the Middle Fork and other streams in the region 
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CHAPTER 6 
CONCLUSIONS 
 Acroneuria frisoni is an environmentally sensitive aquatic insect and a good model 
species to examine trends of loss experienced by other aquatic insects in eastern North America. 
This species has a glacially influenced history across its range and appears to have a distribution 
dependent upon contemporary drainage systems. Its natural range is understood both spatially 
and temporally therefore; change across the range and the landscapes experiencing the greatest 
loss are known 
 At least three refugia held A. frisoni throughout the last glacial maximum including the 
Interior Highlands of Arkansas and Missouri which include the White, Arkansas and part of the 
Mississippi River drainages; the Appalachian-associated drainages of the Potomac and the Upper 
Tennessee Rivers and a Central region including the Ohio, Wabash, Cumberland, Upper Ohio, 
Lower Tennessee and Green River drainages. 
 Contemporary drainage structure has been shown to influence population genetic 
structure, helping to identify candidate source populations as any within the Wabash River basin. 
All populations currently within this basin have a similar genetic profile.  
 With the identification of suitable source populations, a reintroduction was executed; 
however, no evidence has been found to indicate its success. Future efforts should include 
placing eggs in smaller tributaries to improve chances of finding larvae and adults in subsequent 
generations. 
Future directions for this work may include the employment of a nuclear marker to 
corroborate patterns generated from the COI mitochondrial marker, perhaps strengthening the 
genetic signal between populations. Divergence timing using software like BEAST (Drummond 
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and Rambaut 2007) might offer insight into relative dates for major branches seen in the 
phylogenetic tree. Though we can assume deep divergences dating back to pre-Pleistocene, this 
analysis can refine that time-scale. 
The ultimate goal of this project was to conduct an informed reintroduction of the 
extirpated Middle Fork population of A. frisoni. Although the reintroduction itself was not 
successful, a foundation for future efforts has been laid.  
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Institution # Records # Specimens
Michigan State University 16 46
Ohio State University 84 89
Purdue University 25 205
Field Museum of Natural History 12 19
Ohio Biological Survey 40 100
Brigham Young University 41 200
University of Guelph 59 102
Royal Ontario Museum 41 58
Canadian National Museum 27 60
Southern Illinois University-Carbondale 30 65
Cleveland Museum of Natural History 2 3
University of Notre Dame 1 2
Illinois Natural History Survey 760 1519
Total 1138 2468
Table 1. List of institutions, number of records, and number of 
specimens examined for Acroneuria frisoni .
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Table 2. Lists of contemporary drainage basins and populations of Acroneuria frisoni grouped within them based on designations made by Mayden (1988). 
Population information are included; H = number of haplotypes per drainage, π = nucleotide diversity per drainage. 
Population #  Contemporary Basin  St.:Co.  Body of Water          N           Lat.  Long.  H        π 
  2  White River   AR.:Newton  Harp Cr.          10 36.08207  -93.13693 14 0.002133 
  3      MO:Ozark  Big Cr.    10 36.58474 -92.77758    
  1      MO:Webster  James R.     5 37.26278 -93.00300  
 10  Arkansas River   AR:Washington  Cove Cr.           8  35.84072 -94.34309 12 0.002173 
  9      MO:Jasper  Jones Cr.       10 37.10027 -94.29401 
 15  Great Lakes   CAN:Ontario  Bronte Cr.         1 43.41261 -79.76855 19        0.001393 
 14      CAN:Ontario  Grand R.   10 43.85191 -80.28408    
 16      IN:Steuben  Fish Cr.         10 41.53270 -84.86880    
 11      OH:Ashtabula  Conneat Cr.                5 41.88920 -80.65690    
 12      OH:Ashtabula  Grand R.       10 41.60535 -80.89346    
 13      OH:Portage  Cuyahoga R.     4 41.28380  -81.21670 
 18  Mississippi River   IL:Jackson  T. of Big Muddy              7 37.62400 -89.4258 12 12 0.004019 
 17      MO:Washington  Cedar Cr.   10 37.75996 -90.74225 
 19  Ohio River   IL:Pope   Big Grand Pierre        8 37.55764 -88.42266 28 0.001796 
 20      IL:Pope   Quarrel Cr.           1 37.43540              -88.58500 - --       
 21      IL:Pope   Gibbons Cr.              2 37.58420              -88.44220      
 22      IL:Pope   E.F. L. Lusk Cr.        3 37.52460  -88.49970    
 30      IN:Franklin  Pipe Cr.        10 39.35184 -85.10952    
 31      IN:Franklin  T. of Sanes Cr.          5 39.49030  -85.2277 0    
 24      IN:Harrison  Blue R.        10 38.34072 -86.27465    
 23      KY:Bullitt  Wilson Cr.      10 37.84809 -85.62898 
 25  Wabash River   IN:Owen   Raccoon Cr.     10 39.19708 -86.73088 31 0.001885 
 26      IN:Lawrence  Indian Cr.      10 38.86779 -86.66761-    
 29      IN:Lawrence  L. Salt Cr.          9 38.96590  -86.37680    
 28      IN:Lawrence  Leatherwood Cr.   10 38.89920  -86.41330    
 27      IN:Owen   Rattlesnake Cr.         9 39.37886 -86.81607 
 32  Green River   KY:Green  Wilson Cr.       10 37.17033 -85.64556 4 0.000633 
  6  Cumberland River  KY:Laurel  Rockcastle R.        9  37.27975 -84.20986 13 0.001163 
  7      TN:Williamson  Garrison Cr.     10 35.87536 -87.03090 
 33  Upper Ohio River  OH:Adams  Ohio Brush Cr.        9 38.89552 -83.45813 5 0.000699 
 34  Potomac River   PA:Fulton  Licking Cr.    10 39.77642 -78.07375 2 0.000132 
  4  Lower Tennessee   TN:Decatur  Cypress Cr.     10 35.61949 -87.92254 13 0.003760 
  5      TN:Stewart  Panther Cr.     10 36.51130  -87.98870 
  8  Upper Tennessee   TN:Union  Bullrun Cr.    10 36.19099 -83.82558 8 0.004095 
TOTAL                       275        137  
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 Table 3. Genbank sequence information of outgroups used for Bayesian phylogenetic analysis. 
Outgroup     GenBank Accession    Fragment length (bp)   
Tyrrhenoleuctra tangerina   FM213100.1      1283 bp 
Isoperla fulva     GU013609.1         678 bp 
Peltoperla arcuata     AY165654.1         624 bp 
Alloperla severa    GU013566.1         654 bp 
 
 
Table 4. AMOVA results for basin-level analysis of Acroneuria frisoni genetic diversity based on both historical and  
Contemporary d.f. % variation Φ Indices 
Among basins 11 59.76 ΦCT 0.598 
Within basins 22 3.34 ΦSC 0.083 
Within populations 241 36.89 ΦST 0.631 
 
 
 
 
 
Historic d.f. % variation Φ Indices 
Among basins 12 58.32 ΦCT 0.583 
Within basins 21 4.92 ΦSC 0.118 
Within populations 241 36.76 ΦST 0.632 
contemporary drainage structure.
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            1          2          3         4           5          6          7          8          9         10        11        12         13         14        15        16        17        18        19        20        21        22         23        24        25        26        27        28        29        30        31        32        33        34
  1   0.000 
  2   0.072   0.000
  3  -0.074   0.023   0.000
  4   0.570   0.680   0.630   0.000
  5   0.677   0.773   0.717   0.081   0.000
  6   0.797   0.871   0.810   0.237   0.073   0.000
  7   0.790   0.861   0.804   0.228   0.089   0.036   0.000
  8   0.570   0.684   0.631   0.139   0.295   0.474   0.470   0.000
  9  -0.032   0.104  -0.011  0.633   0.712   0.800   0.800   0.628  0.000
10   0.107   0.083   0.090   0.680   0.772   0.875   0.865   0.683  0.092   0.000
11   0.775   0.876   0.798   0.167   0.041   0.051   0.048   0.427  0.785   0.883   0.000
12   0.817   0.883   0.824   0.256   0.078 -0.015   0.042   0.494   0.814   0.889   0.073   0.000
13   0.754   0.870   0.787   0.116  -0.018 -0.031 -0.034    0.393  0.774   0.878   0.000  -0.014    0.000
14   0.826   0.887   0.835   0.423   0.402  0.518   0.504   0.580   0.825   0.891   0.560   0.520    0.537   0.000
15   0.660   0.870   0.761   0.001   0.043  0.440   0.378   0.293   0.740   0.871   0.616   0.500    0.600  -0.890   0.000
16   0.775   0.847   0.793   0.213   0.069  0.043   0.045   0.466   0.787   0.852   0.002   0.028   -0.091   0.424   0.206   0.000
17  -0.022   0.193   0.013   0.614   0.691  0.779   0.777   0.608   0.021   0.214   0.761   0.794    0.747   0.808   0.704   0.767   0.000
18   0.210   0.463   0.306   0.367   0.434  0.563   0.565   0.409   0.313   0.475   0.516   0.590    0.481   0.647   0.344   0.552   0.209   0.000
19   0.608   0.849   0.724  -0.425 -0.789 -1.001 -0.868    0.081   0.701   0.851 -0.667  -1.001  -1.000    0.371   1.000  -0.853   0.660   0.177   0.000
20   0.417   0.673   0.540   0.027   0.008  0.196   0.200   0.199   0.527   0.668   0.158   0.242    0.080   0.485  -0.250   0.179   0.485   0.038  -1.000   0.000
21   0.637   0.759   0.688   0.136   0.011  0.007   0.033   0.344   0.680   0.757  -0.011   0.016   -0.073   0.383  -0.032   0.036   0.653   0.340  -1.001  -0.131  0.000
22   0.700   0.867   0.763  -0.021 -0.218 -0.322  -0.258   0.290   0.744   0.873  -0.111  -0.324  -0.263    0.491  1.000  -0.250   0.711   0.373   0.000  -0.200  -0.318   0.000
23   0.771   0.847   0.791   0.234   0.076  0.009   0.040   0.458   0.781   0.848   0.025   0.012  -0.046    0.463   0.264   0.038   0.763   0.543  -0.964   0.155   0.015  -0.306   0.000
24   0.761   0.839   0.783   0.223   0.074  0.008   0.039   0.455   0.774   0.840   0.018   0.012  -0.051    0.451   0.226   0.045   0.756   0.536  -0.968   0.143   0.014  -0.307   0.018    0.000
25   0.750   0.826   0.774   0.200   0.084  0.061   0.057   0.450   0.770   0.830  -0.003   0.062  -0.090   0.439   0.198   0.002   0.752    0.530  -0.807   0.152   0.041  -0.227   0.053   0.061   0.000
26   0.762   0.834   0.783   0.221   0.145  0.177   0.154   0.474   0.780   0.840   0.099   0.195   0.014    0.459   0.259   0.067   0.762   0.554  -0.482   0.225   0.127  -0.053   0.163   0.158  -0.006   0.000
27   0.798   0.865   0.811   0.281   0.259  0.375   0.333   0.521   0.807   0.873   0.331   0.406   0.261    0.593   0.543   0.236   0.788   0.602    0.058   0.368   0.258   0.280   0.329   0.318   0.091  -0.002   0.000
28   0.700   0.788   0.738   0.182   0.052  0.009   0.003   0.405   0.732   0.787 -0.036   0.008  -0.103    0.362  -0.026  -0.002   0.716   0.478  -0.962   0.069   0.010  -0.305   0.002   0.008  -0.000   0.052   0.158   0.000
29   0.782   0.854   0.797   0.208   0.115  0.139   0.111   0.476   0.792   0.862   0.066   0.146  -0.043    0.527   0.414    0.015  0.773   0.564  -0.546   0.234   0.090  -0.085   0.122   0.109  -0.046  -0.007   0.127   0.019   0.000
30   0.759   0.837   0.781   0.215   0.064  0.008   0.030   0.455   0.773   0.839  -0.001  0.012  -0.077    0.445   0.226   0.013   0.754   0.528  -0.967   0.128   0.006  -0.308  -0.006  0.013   0.021    0.100   0.250  -0.010   0.068   0.000
31   0.780   0.881   0.802   0.175   0.021 -0.029   0.006   0.425   0.788   0.888   0.100 -0.020   0.007    0.554   0.667   0.007   0.762   0.514  -1.000   0.143  -0.049  -0.290 -0.034  -0.037 -0.017    0.149   0.396  -0.047   0.129  -0.037   0.000
32   0.827   0.889   0.830   0.241   0.082  0.020   0.033   0.503   0.821   0.897   0.044  0.020  -0.083    0.575   0.618   -0.006   0.801  0.602  -0.912   0.274   0.027  -0.280   0.026   0.019  0.009    0.121   0.348  -0.006   0.056  -0.009   0.015   0.000
33   0.815   0.883   0.821   0.238   0.080  0.021   0.043   0.489   0.810   0.890   0.072  0.023  -0.032    0.563   0.587   0.025   0.790   0.585  -0.901   0.248   0.020  -0.272  -0.027   0.010  0.040    0.156   0.376  -0.014   0.097  -0.014   0.016   0.006   0.000
34   0.863   0.916   0.855   0.508   0.737  0.906   0.884   0.278   0.844   0.926   0.948  0.920   0.953    0.919   0.980   0.870    0.823  0.745   0.975   0.817    0.781   0.978   0.863   0.854  0.841    0.856   0.906   0.782   0.893    0.854   0.954   0.933   0.930   0.000
Table 5. Population-level pair-wise Fst values for Acroneuria frisoni calculated using the Kimura 2P distance method. Bolded values
are those values with significant p-values after Bonferroni correction.
1: MOwebs   
2: ARnewton   
3: MOozark   
4: TNdec   
5: TNstew   
6: KYlaur   
7: TNwill   
 8: TNunion   
 9: MOjasp 
10: ARwashington  
11: OHashC
12: OHashG 
13: OHport 
14: CAgrand  
22: ILpopeG   
23: KYbull   
24: INHarr   
25: INclayRac   
26: INlawI   
27: INowenRat   
28: INlawL 
15: CAbronte   
16: INste   
17: MOwash
18: ILjack   
19: ILpopeQ   
20: ILpopeE   
21: ILpopeBGP 
29: INlawS   
30: INfraP   
31: INfraS   
32: KYgre   
33: OHadam   
34: PAfult  
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            1   2     3             4            5              6              7                  8                   9             10               11              12 
 1          -               White R. 
 2    0.81908*         -             Great Lakes 
 3    0.16402*   0.71934*         -            Mississippi R. 
 4    0.78406*   0.06884*   0.67513*          -           Ohio R. 
 5    0.79125*   0.11712*   0.69851*   0.09829*          -          Wabash R. 
 6    0.81073*   0.05170     0.65461*  -0.01994     0.02856           -         Green R. 
 7    0.81372*   0.07934*   0.68248*   0.00635     0.09602*  -0.00064          -        Cumberland 
 8    0.80481*   0.06263     0.64277*  -0.02884     0.05462*   0.00614    0.00797            -      Upper Ohio 
 9    0.82353*   0.82342*   0.70104*   0.76714*   0.77355*   0.93309*   0.86481*   0.93051*          -     Potomac R. 
10   0.68303*   0.20189*   0.52979*   0.14725*   0.17745*   0.10261*   0.14553*   0.10431*   0.53744*          -    Lower Tenn. 
11   0.67949*   0.57855*   0.50933*   0.51871*   0.54135*   0.50346*   0.53326*   0.48935*   0.27783*   0.20263*          -   Upper Tenn. 
12   0.02380     0.82794*   0.18035*   0.79027*   0.80030*   0.82410*   0.82402*   0.81598*   0.83977*   0.68161*   0.67576*           - Arkansas R. 
Contemporary Basin Raggedness  Index  Raggedness  p-value Tajima’s D      Tajimas’s D p-value     Fu’s F          Fu’s F  p-value 
White River   0.02207   0.86000  -1.42177  0.08500  -26.21905 *  <0.0001 
Arkansas River   0.02499   0.94000  -1.58077 *  0.03600  -20.85077 *  <0.0001  
Great Lakes   0.02373   0.84000  -1.91022 *  0.01100  -26.98297 *  <0.0001  
Mississippi River   0.02963   0.54000  -0.86422  0.20300  -13.16119 *  <0.0001 
Ohio River   0.01979   0.96000  -2.62678 *  <0.0001  -26.55670 *  <0.0001 
Wabash River   0.03336   0.46000  -2.45704 *  0.00100  -26.46348 *  <0.0001  
Green River   0.06815   0.66000  -1.24468  0.10600  -15.42729 *  <0.0001 
Cumberland River  0.10444   0.16000  -2.21033 *  0.00200  -27.45890 *  <0.0001 
Upper Ohio River  0.28627   0.08000  -1.14944  0.14400  -12.47007 *  <0.0001 
Potomac River   0.40000   0.08000  -1.11173  0.17700  -28.46168 *  <0.0001 
Lower Tennessee   0.02501   0.78000  -0.33889  0.39700  -18.03195 *  <0.0001 
Upper Tennessee   0.07457   0.34000  -0.15202  0.47900  -5.09169  0.00600 
Tajima’s D and Fu’s F used 20 bootstrap replicates Raggedness Index with 50 bootstrap replicates
Raggedness Index with 50 bootstrap replicates 
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Table 6. Contemporary basin-level pairwise comparison of population Fst values for Acroneuria frisoni. Distance method: Kimura 2P.
* signifies those values with significant p-values after Bonferroni correction. 
Table 7. Contemporary basin-level Acroneuria frisoni population demographic tests of neutrality and expansion conducted 
in Arlequin 3.1. * signifies significant p-values.
Ancicient Contemporary Locality Body of Water
White River White River AR:Newton Harp Creek
Old Mississippi Middle Mississippi AR:Washington Cove Creek
Great Lakes Lake Ontario CAN: Ontario Bronte Creek
 Great Lakes Lake Erie CAN: Ontario Grand River
Old Ohio River Middle Mississippi IL:Jackson Trib of Big Muddy River
Old Ohio River Ohio River IL:Pope Big Grand Pierre Creek
Old Ohio River Ohio River IL:Pope Quarrel Creek
Old Ohio River Ohio River IL:Pope: Gibbons
Old Ohio River Ohio River IL:Pope  E.F. L. Lusk
Wabash River Wabash River IN: Owen Raccoon Creek
Old Kentucky Ohio River IN: Franklin Pipe Creek
Old Kentucky Ohio River IN: Franklin Trib of Sanes Creek
Wabash River Ohio River IN: Harrison Blue River
Wabash River Wabash River IN: Lawrence Indian Creek
Wabash River Wabash River IN: Lawrence Little Salt Creek
Wabash River Wabash River IN: Lawrence Leatherwood Creek
Wabash River Wabash River IN: Owen Rattlesnake Creek
Great Lakes Lake Erie IN: Steuben Fish Creek
Wabash River Ohio River KY: Bullit Wilson Creek
Green River Green River KY: Green Little Barren River
Old Cumberland River Cumberland River KY:Laurel Rockcastle River
Old Arkansas River Arkansas River MO: Jasper Jones Creek
White River White River MO: Ozark Big Creek
Old Arkansas River Arkansas River MO: Washington Cedar Creek
White River White River MO: Webster James River
Old Licking River Upper Ohio River OH: Adams Ohio Brush Creek
 Great Lakes Lake Erie OH: Ashtabula Conneat Creek
 Great Lakes Lake Erie OH: Ashtabula Grand River
 Great Lakes Lake Erie OH: Portage Cuyahoga River
Potomac River Potomac River PA: Fulton Licking Creek
Old Duck River Lower Tennessee TN: Decatur Cypress Creek
Old Cumberland River Lower Tennessee TN: Stewart Panther Creek
Appalachian River Upper Tennessee TN: Union Bullrun Creek
Old Cumberland River Cumberland River TN: Williamson Garrison
Table 8. Ancient and Contemporary drainage association of each population of Acroneuria
 frisoni. Colors correspond to those on maps, phylogentic tree and network diagrams.
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Table 9. Contemporary basins of Acroneuria frisoni included in A. regions suggested by phylogenetic analyses and B. subregions of
Central region.
Interior Highlands         Upper    
      White River         Upper Ohio River   
      Arkansas River             
      Mississippi River   
Central          Central  
      Great Lakes         Wabash River    
      Ohio River         Green River    
      Wabash River         Ohio River    
      Green River              
      Cumberland River   Lower     Cumberland River   
      Upper Ohio River        Lower Tennessee River  
      Lower Tennessee   
Appalachian              
      Potomac River             
      Upper Tennessee 
A. Range wide population regions       Basins included    B. Subregions of Central clade        Basins included  
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1:15,000,000
50
Figure 1. Distribution of Acroneuria.frisoni.
(DeWalt et al. 2010)
Figure 3. GIS map of confirmed A. frisoni specimens. Red trianges signify those localities 
considered in phylogeographic analysis.
Figure 2. Acroneuria. frisoni 
range reduction within Illinois.
(DeWalt et al. 2008)
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Figure 4. Bayesian-inferred phylogentic tree of Acroneuria frisoni exemplar haplotypes represented 
by catalog number. Onlysignificant posterior probabilites shown. N = number of individuals while 
colored boxes showing drainage basins represented. 
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Figure 5. TCS estimated Acroneuria frisoni haplotype diagrams: A. network coded based on contemporary drainage structure 
B. network coded based on historical drainage structure.
A. B.
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Figure 7. Freshwater quality acoss the Northeast and Midwest United States. Blue 
indicates best water quality. Star indicates reintroduction area
(U.S. Dept. of Ag. Forest Service, 2009)
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Figure 6. Migrate-N etimated migration patterns of Acroneuria frisoni between three 
geographic regions. Value ranges are the 95% confidence intervals of estimated theta 
values. Bolded values represent modes of theta acrosspopulations. Arrow weight indicates
 relative directional migration, numbers associated with arrows are caluclated M values 
estimating relative amounts of migrants.
0.00 – 0.0045
0.00 – 0.0055
0.00 – 0.0075
0.0025
0.00275
0.00325
Ө = 2Ne(µ) 
53
 Site 1: N 40.23552 W 87.77147  
Site 2: N 40.15597 W 87.73767  
Site 3: N 40.13553 W 87.74640  
Figure 8. Map of egg reintroduction sites for 
Acroneuria frisoni with the Middle Fork of the 
Vermilion River, Vermilion Co., Illinois. 
Geographic coordinates provided.
Figure 9. Egg reintroduction data for Acroneuria frioni by site: total N 
of eggs to each riffle and mean batch size of those introduced to each site. 
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Figure 10. Patterns of gene flow of Acroneuria frisoni across contemporary drainages of  Mayden (1988). 
Line weight reflects relative similarities between drainage basins based on calculated Fst values.
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Figure 11. Mantel Test for matrix correlation between genetic distance and geographic 
distance for Acroneuria frisoni (R^2= 0.402, p < 0.05).
R^2 =0.402
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Figure 12. Contemporary drainage basins superimposed on historical drainage patterns 
described in Mayden (1988). Dashed line shows extent of Wisconsinan glaciation. Sampling 
sitesfor Acroneuria frisoni are labeled according to numbers assigned in population genetic 
analysis and color-coded by contemporary drainage affiliation. Basins are grouped by their 
associationsinto three regions: Interior Highlands, Central and Appalachians.
Potomac River
Upper Ohio
Green River
Ohio River
Wabash River
Mississippi River
Great Lakes
Arkansas River
Upper Tennessee River
Cumberland River
White River
Lower Tennessee River
Interior
 Highlands
AppalachianCentral
  Ancient
Drainages
1: Plains Stream
2: Old Red R.
3: Old Ouachita R.
4: Old Arkansas R.
5: White R.
6: Old Grand
     Missouri R.
7: Ancestral Iowa R.
8: Old Mississippi R.
9: Old Teays- 
    Mahomet R.
10: Old Kentucky R.
11: Old Licking R.
12: Old Big Sandy R.
13: Kanawho R.
14: Kasaskia R.
15: Wabash R.
16: Green R.
17: Old Ohio R.
18: Old Cumberland R.
19: Old Duck R.
20: Old Tennessee R.
21: Appalachian R.
 
57
